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Effects of Charged Residues Inserted above R1 in S4-Based Voltage
Sensors
Joa˜o L. Carvalho-de-Souza, Jerome J. Lacroix, Francisco Bezanilla.
The University of Chicago, Chicago, IL, USA.
Membrane proteins containing S4-based voltage sensors domains (VSD) re-
spond to changes in the membrane potential by transferring electrically charged
side chains (gating charges), mainly located in the S4 segment, across the mem-
brane electric field. Yet, in the archetypical Shaker Kv channel, not all positive
S4 residues contribute to the gating charge. Moreover, the number and posi-
tions of charged residues near the external side of S4 is poorly conserved
amongst VSDs, suggesting that some S4 charged residues may have a regula-
tory role. We investigated this hypothesis by individually inserting Arg resi-
dues at the top of the S4 segment of the Shaker channel, from positions 356
to 361, and determining the impact of the mutations on the channel’s gating
currents. Our results show a non-ambiguous periodicity of the phenotypes
that correlate with the periodicity of the S4 alpha-helical structure: Arg inserted
on the same side of the gating charge positively-shifted the charge vs. voltage
(Q-V) curve, while Arg inserted on the opposite side negatively-shifted the Q-V
curve. We propose two distinct mechanisms that account for these observa-
tions. Charged side chains pointing towards the gating charge pathway exert
a local bias in the electric field sensed by the innermost native Arg. However,
charged side chains located on the opposite side of the gating charge pathway
tend to favor more depolarized conformations of the S4 helix to avoid being in
proximity to the hydrophobic environment of the membrane lipids. We propose
that naturally-occurring charged residues located at the top of S4 may help to
finely tune the VSD biophysical properties. This mechanism is illustrated by
a myasthenia-associated muscle sodium channel variant that introduced the
V1442E mutation at the top of the S4 in domain IV. This work was supported
by NIH grant GM030376.
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Fluorescently Labeled Tarantula Toxin Reveals Voltage Dependent
Adhesion to KD Channels
Drew C. Tilley1, Kenneth S. Eum1, Bruce E. Cohen2,
Vladimir Yarov-Yarovoy1, Jon T. Sack1,2.
1University of California Davis, Davis, CA, USA, 2Lawrence Berkeley
National Laboratory, Berkeley, CA, USA.
Among the most potent allosteric modulators of voltage-gated potassium chan-
nels are peptide toxins from arachnids. Guangxitoxin-1E is an exemplar of this
class of ligands, having effects at nanomolar concentrations and shifting gating
of Kv2.1 to a positive voltage range, beyond physiological potentials. We have
synthesized biologically active variants of this toxin with unique chemically re-
active groups that allow conjugation to probes that allow visualization of toxin
adherence to channels on living cells. The association of toxin with Kv2.1
channels was found to be strongly voltage dependent, having different affinities
for resting and activated states of voltage sensors. To compose structural hy-
potheses for the toxin-channel interactions that underlie allosteric effector
properties, we built structural models of the toxin-channel interaction using
the Rosetta-Membrane homology method and the Kv1.2-2.1 coordinates as
template, to create models of Kv2.1 voltage sensing domains. Conformations
of activated and resting states were generated following a sliding helix model.
The toxin was then docked to these multiple voltage sensor conformations us-
ing the Rosetta Dock method to identify low energy complexes. Experimen-
tally, measurement of toxin association and dissociation rates by voltage
clamp and with fluorescently labeled toxins create constraints that define its
mechanism of action. The differential adherence of toxin to resting and acti-
vated voltage sensor conformations drives allosteric modulation of channels.
By measuring gating state-dependent affinities, this methodology creates
a new means of assessing the potency and action of allosteric ion channel mod-
ulators. In combination with computational structure prediction and design this
strategy could lead to development of voltage sensor modulators with novel
state-dependence.
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The Activation Transition of the Human BK (Slo1) Voltage Sensor
Involves a Complex Rearrangement of its Helix Bundle as Resolved
by Site-Directed Fluorophore/Quencher Pairs
Antonios Pantazis1, Nicoletta Savalli1,2, Riccardo Olcese1,3.
1Division of Molecular Medicine, Department of Anesthesiology, David
Geffen School of Medicine at UCLA, Los Angeles, CA, USA, 2Department
of Biosciences, University of Milan, Milan, Italy, 3Cardiovascular Research
Laboratories (CVRL), David Geffen School of Medicine at UCLA, Los
Angeles, CA, USA.The typical voltage sensor domain (VSD) consists of four transmembrane he-
lices (S1-S4). S4, which bears voltage-sensing charged residues, transitions
into an active state upon membrane depolarization, conferring voltage depen-
dence to some classes of ion channels and phosphatases. The VSD of voltage-
and Ca2þ-activated Kþ (BK) channels exhibits salient differences from the
current 4-helix, S4-central model of VSD activation, as it possesses additional
helix S0, and most voltage-sensing charge is borne by S2 and S3. Moreover, the
BK VSD activation properties are tuned by its tissue-specific association with
modulatory b subunits. To resolve the structural basis of BK VSD operation,
we used an improved implementation of voltage-clamp fluorometry, enhanced
with site-directed collisional quenching, exploiting the photochemical property
of Tryptophan to quench fluorophores by collision-dependent electron ex-
change. Thus, fluorescence deflections (DF) are interpreted as the relative rear-
rangement of fluorescent label and the Trp quencher. Upon depolarization,
positive DF is reported from S0 (TMRM at positions 17,18,19), S1 (MTS-
TAMRA at 134,135) and S2 (TMRM at 145). Substitution of the native Trp
at S4 (W203V) resulted in DF attenuation by z90%, suggesting that the
voltage-dependent DF reports the divergence of S4 from helices S0, S1, and
S2. Furthermore, VSD activation likely involves a movement of S2 towards
S1: MTS-TAMRA labeling S1 (position 135) is quenched by a Tryptophan in-
troduced near S2 (C141W) upon depolarization. This voltage-dependent fluo-
rescence quenching is not present when BK channels are associated with b2
subunits, suggesting that the b2-mediated BK modification involves a perturba-
tion of the S1-S2 rearrangement. The information provided by these studies was
used to construct a model-independent map of conformational changes in the
BK VSD, revealing how it responds to depolarization.
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Function of Shaker Potassium Channels Produced by Cell-Free Transla-
tion Upon Injection into Xenopus Oocytes
Brian W. Jarecki, Shin-ichi Makino, Emily T. Beebe, Brian G. Fox,
Baron Chanda.
University of Wisconsin-Madison, Madison, WI, USA.
Integral membrane proteins represent a substantial portion of regulatory mole-
cules in cellular biology. Voltage-gated ion channels are a fundamental class of
membrane proteins that temporally orchestrate the ion flux critical for chemical
and electrical signaling in excitable cells. Current methods to investigate the
function of these channels rely on heterologous expression in living systems
or reconstitution into artificial membranes; however these approaches have in-
herent drawbacks which limit potential biophysical applications. Here, we de-
scribe a novel, integrated approach combining cell-free translation of
membrane proteins and in vivo expression using Xenopus laevis oocytes. In
this method, proteoliposomes containing Shaker potassium channels are syn-
thesized in vitro and injected into the oocytes, yielding functional preparations
as shown by electrophysiological and spectroscopic studies within four hours.
This strategy for studying eukaryotic ion channels is contrasted with existing,
laborious procedures that require membrane protein extraction and reconstitu-
tion into synthetic lipid systems.
Platform: Protein-Nuceleic Acid Interactions I
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Deformation of a P53 Response Element Revealed by Site-Directed Spin
Labeling
Xiaojun Zhang, Ana Carolina, Dantas Machado, Yongheng Chen, Yuan Ding,
Lin Chen, Remo Rohs, Peter Qin.
University of Southern California, Los Angeles, CA, USA.
The tumor suppressor protein p53 is called the ‘‘guardian of the genome’’ and
has been implicated in a growing number of biological processes, including cell
cycle arrest, senescence, apoptosis, autophagy, metabolism, and aging. As
a transcription factor, p53 regulates a large number of signaling pathways by
interacting with a diverse set of DNAs, called p53 response elements (REs),
which are composed of two decameric consensus half-sites separated by
a spacer. It has been proposed that DNA conformation changes upon p53 bind-
ing, which may vary between different REs, play important roles in p53-DNA
recognition. However, details on such DNA conformational changes are lim-
ited, as currently there is no high-resolution structure of unbound RE, although
a number of crystal structures of tetrameric p53 fragments bound to artificial or
naturally occurring REs have been reported. Here site-directed spin labeling is
used to probe solution conformations of an RE regulating protein p21, a cyclin-
dependent kinase inhibitor involved in cell cycle regulation. Using a nucleo-
tide-independent nitroxide probe and Double-Electron-Electron Resonance
spectroscopy, nanometer distances between various DNA sites were measured
in unbound p21RE as well as in that complexed to the p53 DNA binding
198a Monday, February 4, 2013domain. Models of the unbound p21RE, which were selected using the mea-
sured distances from a large pool generated by Monte-Carlo simulations, reveal
major conformational changes at the half-site interface as compared to the
bound DNA reported in a crystal structure. These results shed light on the
mechanism of DNA recognition by p53.
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Visualizing DNA Disassociation from the Nucleosome Core Particle
Joshua Tokuda1, Traci Topping2, Lisa Gloss2, Lois Pollack1.
1Cornell University, Ithaca, NY, USA, 2Washington State University,
Pullman, WA, USA.
The organization of DNA in nucleosome core particles (NCP) is understood to
play crucial regulatory roles in transcription, replication, recombination and re-
pair. High resolution crystal structures deliver detailed snapshots of the NCP in
its most stable conformations and reveal thousands of electrostatic interactions
that mediate the stability of NCPs. However, many of the techniques that have
been applied thus far are ill-suited for directly monitoring the intermediary and
dissociated conformations of the NCP. To this end, we applied small angle X-
ray scattering (SAXS) - a powerful technique for delivering low resolution
structural details of biological molecules. Since SAXS studies of protein-
nucleic acid complexes are complicated by the differences in scattering lengths
between proteins and nucleic acids, we applied a contrast variation approach
where we matched the solvent and protein contrasts to effectively probe the
DNA component of the NCP alone. We systematically modulated the electro-
static interactions by adjusting the salt concentration of the solvent and visual-
ized the conformational transition of the DNA from a bound to unbound state
during NCP disassembly.
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Single Molecule Observation of Interaction between Argonaute-Guide and
Target RNA and its Implication on Gene Silencing
Seung-Ryoung Jung1, Eunji Kim2, Wonseok Hwang1, Ji-Joon Song2,
Sungchul Hohng1.
1Seoul National University, Seoul, Korea, Republic of, 2KAIST, Daejeon,
Korea, Republic of.
Argonaute (Ago) is the catalytic core of small RNA-based gene regulation. De-
spite a plenty of mechanistic studies on Ago, the dynamical aspects and the
mechanistic determinants of target binding and dissociation of Ago-guide re-
main unclear. Here, by using single-molecule fluorescence resonance transfer
(FRET) assays and Thermus thermophilus Ago, we reveal that Ago-guide dy-
namically associates and dissociates with a target, and that different regions of
guide-target base pairing are responsible for different steps of target recogni-
tion by Ago-guide. In addition, we show that the 3’-end of the guide strand dy-
namically anchors at and releases from the PAZ domain of Ago, and that the 3’-
end anchoring of the guide strand greatly accelerates the target dissociation by
destabilizing the guide-target duplex. Collectively, our results implicate that
the target binding/dissociation of Ago-guide is executed through the dynamic
interplays among Ago, guide, and target.
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Nucleic Acid Chaperone Activity Transforms the Energy Landscape of
HIV-1 TAR RNA
Micah J. McCauley1, Ioulia Rouzina2, Kelly Hoadley2, Robert J. Gorelick3,
Karin Musier-Forsyth4, Mark C. Williams1.
1Northeastern University, Boston, MA, USA, 2University of Minnesota,
Minneapolis, MN, USA, 3Frederick National Laboratory for Cancer
Research, Frederick, MD, USA, 4The Ohio State University, Columbus, OH,
USA.
Retroviral nucleocapsid (NC) proteins are nucleic acid chaperones that play
a key role in the viral life cycle, including reverse transcription, where NC de-
stabilizes the transactivation response RNA (TAR RNA) hairpin. To quantify
the interaction of HIV-1 NC and TAR RNA, we use optical tweezers to exert
tension upon the free ends of an individual TAR hairpin, forcing the hairpin
open and then allowing it to close. We combine force-ramp experiments
with a new analytical technique that quantitatively characterizes the energy
landscape of equilibrium and non-equilibrium TAR hairpin unfolding and fold-
ing. We use the pulling rate dependence of the unfolding force to determine the
distance to the transition state for this complex. This measurement reveals that
to cause complete TAR unfolding, it is sufficient to unzip 10 bp of the 24 bp
TAR hairpin stem in the absence of NC but only 5 bp of 24 in the presence
of NC. Extrapolation of the measured TAR opening rate to zero pulling rate
yields nearly 1000-fold faster opening with NC, equivalent to a decrease in
the TAR opening barrier of 4.2 þ/- 0.2 kcal/mol. Furthermore, equilibrium
and complementary non-equilibrium TAR unfolding measurements usingCrooks fluctuation theorem show that NC lowers the overall free energy of hair-
pin opening by 8.5 þ/- 0.3 kcal/mol. These results demonstrate that NC desta-
bilizes every nucleic acid base pair by strongly facilitating nucleic acid
opening. This work was funded in part by Federal Funds from NCI, NIH under
contract HHSN261200800001E (RJG).
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Below-Equilibrium DNA Topology Simplification by Type II Topoiso-
merases can be Explained by DNA Linking Number-Dependent Binding
Affinity
Tamara R. Litwin, Susanta S. Sarkar, Ashley H. Hardin, Keir C. Neuman.
National Heart, Lung, and Blood Institute, Bethesda, MD, USA.
Topoisomerases modify and regulate the topology of cellular DNA and are es-
sential for successful cell division and other DNA metabolism processes. Type
I topoisomerases are ATP-independent and cut one strand of DNA in order to
relax supercoils. Type II topoisomerases are ATP-dependent and pass a duplex
DNA segment through a transient double-stranded cut in a second DNA seg-
ment to change levels of supercoils, knots, or catenanes. Whereas type I topoi-
somerases simplify DNA topology towards thermal equilibrium, type II
enzymes can simplify DNA topology to levels below thermal equilibrium.
This obeys thermodynamic laws because ATP is hydrolyzed in the process,
but the mechanism by which type II topoisomerases acting on the nanometer
scale are able to detect and simplify the global topology of DNA on a much
larger scale is not yet known. We propose and test a model to explain non-
equilibrium topology simplification by type II topoisomerases in which the en-
zyme affinity increases in proportion with the DNA linking number. E. Coli
Topo IV has a higher binding affinity for negatively supercoiled DNA than
for relaxed DNA, but the general relationship between linking number and af-
finity has not been established for type II topoisomerases. To determine the
linking number dependent-binding affinity and to test the validity of the pro-
posed model, we developed a method to measure the relative biding affinity
of type II topoisomerases to different DNA topoisomers. The results of these
measurements, in conjunction with computer simulations, permit a sensitive
test of the proposed non-equilibrium topology simplification model.
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Single-Molecule Observation of Viral DNA Targeting by CRISPR/Cas
Immune Systems
Samuel H. Sternberg1, Sy Redding2, Prashant Bhat1, Martin Jinek1,
Blake Wiedenheft3, Jennifer A. Doudna1, Eric C. Greene2.
1University of California, Berkeley, Berkeley, CA, USA, 2Columbia
University, New York, NY, USA, 3Montana State University, Bozeman, MT,
USA.
Bacteria and archaea maintain a history of viral infections by integrating small
fragments of foreign DNA into specialized genomic loci called clustered reg-
ularly interspaced short palindromic repeats (CRISPRs). An adaptive immune
response is triggered during subsequent infections by CRISPR-derived RNAs
(crRNAs), which function together with CRISPR-associated (Cas) proteins to
identify and destroy complementary viral DNA sequences. DNA targeting by
crRNA/Cas ribonucleoprotein surveillance complexes proceeds via RNA-
DNA base-pairing interactions and requires melting of the double-stranded
substrate, as well as protein-mediated recognition of a proximal DNA sequence
motif to discriminate self from non-self. How these complexes find short target
sequences within the larger context of genomic DNA is unknown, and prior
studies have been limited by their use of oligonucleotide substrates and depen-
dence on bulk electrophoretic mobility shift assays that obscure all dynamics of
the search process. To gain deeper insights into this critical step of CRISPR/Cas
based immunity, we are using fluorescence microscopy to visualize single
crRNA/Cas complexes on nanofabricated curtains of viral DNA in real-time.
These experiments enable direct observation of the kinetics and position-
dependence of DNA binding, and have revealed the mechanism by which phy-
logenetically distinct surveillance complexes use sequence information in the
crRNA to locate complementary DNA targets. Ongoing work is aimed at un-
derstanding how this recognition event promotes destruction of viral DNA
by dedicated Cas nucleases.
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Cooperative DNA-Binding Effect through DNA Allostery
yujie sun1, Sangjin Kim2, Erik Brostro¨mer3, Dong Xing1, Jianshi Jin1,
Shasha Chong3, Hao Ge1, Siyuan Wang3, Xiao-dong Su1, X. Sunney Xie3.
1Peking University, Beijing, China, 2Yale University, New Haven, CT, USA,
3Harvard University, Cambridge, MA, USA.
Allostery is well-documented for proteins but less recognized for DNA-protein
interactions, in which DNA has been often considered as a mere template
